Abstract Carbon isotope discrimination (Δ 13 C) is considered as an index of leaf-level water use efficiency, an important objective for plant breeders seeking to conserve water resources. We report in rice a genetic analysis for Δ 13 C, leaf structural parameters, gas exchange, stomatal conductance, and leaf abscisic acid (ABA) concentrations. Doubled haploid and recombinant inbred populations, both derived from the cross IR64 × Azucena, were used for quantitative trait locus (QTL) analysis following greenhouse experiments. Δ 13 C QTLs on the long arms of chromosomes 4 and 5 were colocalized with QTLs associated with leaf blade width, length, and flatness, while a QTL cluster for Δ 13 C, photosynthesis parameters, and ABA was observed in the near-centromeric region of chromosome 4. These results are consistent with phenotypic correlations and suggest that genetic variation in carbon assimilation and stomatal conductance contribute to the genetic variation for Δ 13 C in this population.
Introduction
The use of water by human populations has increased dramatically over time, with irrigated agriculture representing up to 85% of total human water consumption (Gleick 2003) . Breeding for improved water use efficiency (WUE) of both rain-fed and irrigated crops is imperative in the face of world population expansion. Condon et al. (2004) suggested three ways to mitigate water use by crop plants:
(1) allow more available water to pass directly through the crop rather than allowing it to evaporate from an irrigated soil surface, (2) acquire more biomass in exchange for a given amount of water transpired by the crop, (3) increase the harvest index by partitioning a greater proportion of biomass into the harvested product. The first of these strategies is largely a crop management issue, but all of them can be approached through genetic improvement. In this study, we will focus on acquiring more biomass in exchange for a given amount of water transpired by the crop and will refer to this as water use efficiency.
Leaf water use efficiency can be expressed as the ratio of carbon gained in photosynthesis (A) by water used in transpiration (E). This physiological trait can be evaluated, at least for C3 species, by carbon isotope discrimination, i.e., the 13 C/ 12 C ratio in plant material relative to the same ratio in the air in which plants are growing. Carbon isotope discrimination has been defined by Farquhar and Richards (1984) as:
where R a is the value of 13 C/
12
C ratio in the atmosphere and R p is the value of 13 C/ 12 C ratio in the plant material. Fractionations associated with CO 2 diffusion into intracellular airspaces and CO 2 carboxylation by RuBisCO represent dominant processes in carbon isotope discrimination. Farquhar and Richards (1984) proposed an approximate relationship between Δ 13 C and C i /C a (ratio of internal to air CO 2 concentration):
Δ 13 C is therefore positively related to C i /C a and negatively to A/E.
In Australia, the development of wheat breeding lines that combine high-yield with low-Δ 13 C recently led to the release of two commercial cultivars, "Drysdale" and "Rees," both of which provide some yield advantage in the lower range of wheat yields (Condon et al. 2004 ). This work confirms that carbon isotope discrimination (Δ 13 C) can be used as a surrogate for water use efficiency in crop selection. We are interested in investigating the potential to use Δ 13 C as a proxy for water use efficiency in rice, where genetic variation for this trait has been demonstrated in upland rice genotypes (Dingkuhn et al. 1991) . In addition, because Δ 13 C is a polygenic trait, we aimed to use quantitative trait locus (QTL) analysis to dissect it genetically and subsequently to construct near-isogenic lines (NILs) for use in physiological studies. Our longterm objective is to enhance our understanding of this trait in relation to crop productivity under water-limited conditions. QTL analysis also lays the foundation for using linked molecular markers in a marker-assisted selection strategy in a plant breeding program.
The first QTLs associated with Δ 13 C were reported by Martin et al. (1989) in tomato and since that time QTLs for Δ 13 C have been identified in rice (Price et al. 2002) and several other plant species (Brendel et al. 2002; Casasoli et al. 2004; Diab et al. 2004; Ellis et al. 2002; Gleick 2003; Hausmann et al. 2005; Masle et al. 2005; Rebetzke et al. 2008; Saranga et al. 2004; Scalfi et al. 2004; Specht et al. 2001; Teulat et al. 2002; Thumma et al. 2001) . Until now, all QTL studies conducted in rice involved segregating populations evaluated at different growth stages in field environments. However, the limited reproducibility of field experiments emphasizes the need to better understand and more rigorously control environmental variation that may interfere with the evaluation of carbon isotope discrimination. Differences in phenology and development among plants in segregating populations may also affect measurements of carbon isotope discrimination, as the assay for Δ
13
C presents an integrated assessment of all changes in CO 2 diffusion and/ or assimilation during the growth of the sampled tissue.
In this study, we identified QTLs associated with changes in Δ 13 C in young rice seedlings evaluated in a controlled environment (Comstock et al. 2005) . Two populations were used, a population of doubled haploid (DH) lines and a set of recombinant inbred (RI) lines, both derived from the cross IR64 × Azucena. Two different experiments, each with two replications per line, were conducted for each population. A total of 14 traits were evaluated so that the relationships among QTLs associated with Δ 13 C could be related to QTLs associated with other components of photosynthesis and plant growth.
Results

Comparison of the IR64 × Azucena genetic maps for two segregating populations
The genetic map for the DH population covered 1,836.2 cM and consisted of 395 well-distributed simple sequence repeat (SSR) and restriction fragment length polymorphism (RFLP) markers mapped onto 91 DH lines. The genetic map for the RI population covered 1,675.4 cM and consisted of 220 SSR markers mapped onto 165 RI lines (Ahmadi et al. 2005) . The DH and the RI maps were aligned based on a common set of 135 SSR markers (Supplemental Fig. 1 ). The order, but not the distance between markers, was conserved between populations and is consistent with the marker order along the rice pseudomolecules (TIGR v.5, www.gramene.org). Table 1 summarizes the experimental conditions for the four experiments conducted over the course of this study (where the DH population was evaluated in experiment 1 (E1) and E2 and the RI population was evaluated in E3 and E4, as described in detail in "Materials and methods"). The distributions of Δ 13 C in the DH and RI populations are summarized in Fig. 1 . Δ 13 C mean values increased from E1 to E4. There was no significant difference between IR64 and Azucena for Δ 13 C in any of the experiments, but transgressive variation was observed in both populations, providing the basis for QTL mapping. Table 2 presents the range of variation for all 14 traits measured in the four experiments, together with the parental values. As can be seen for Δ 13 C, the RI population had more individuals and a larger range of variation for all traits than did the DH population. Leaf length (LL), leaf width (LW), and tiller number (TN) were highest in E4, reflecting the late sampling date. Photosynthesis, stomatal conductance, and the ratio of plant to air CO 2 concentration were also slightly higher in E4. Significant genotype by trial interactions was detected for all traits except leaf nitrogen content (%N) for each population and justified considering each experiment individually. Although trait means differed among experiments, reflecting slight seasonal differences in the greenhouse environments and/or differences in sampling date, the aerial biomass of Azucena was consistently higher than that of IR64, and the leaves of Azucena were also longer and wider than the leaves of IR64. Leaf abscisic acid (lABA) concentration was higher in IR64 compared to Azucena. Relative water content was measured in the RI population in E4 only, and this provided an opportunity to assess potential effects of water relations on the other traits evaluated in that experiment. Relative water content ranged from 73% to 93%, indicating that some plants experienced a slight decrease in turgor. However, no significant genotype effect was detected for relative water content (RWC). Significant genotype effects were detected for all other traits measured, and broad sense heritabilities ranged between 0.50 and 0.94 (Table 2) .
Phenotypic trait variation across four different experiments
Phenotypic correlations between traits and experiments
Despite significant genotype by trial effects found for Δ
13
C in both populations, Δ
C values were significantly correlated between experiments in both populations (r=0.6, P<0.0001 in both cases). Δ
C was negatively correlated with leaf width and leaf length (r=−0.3 in E2, r=−0.4 in E4), while leaf length was positively correlated with leaf width in both populations (r=0.4 in E2, in E3, and in E4). Δ
C was positively correlated with leaf blade flatness (LF; r=0.4 in E2 and r=0.2 in E4). In the RI population, Δ
C was negatively correlated with ABA concentration (r=−0.3 in E4), and it was positively correlated with A, C i /C a , and stomatal conductance (SCO; E3 and E4, r=0.3 to 0.4), while A was positively correlated with C i /C a and SCO in both experiments (E3 and E4, r=0.3 to 0.8). Leaf length was negatively correlated with %N in E2 (r=−0.3), E3 (r=−0.4), and E4 (r=−0.5). Leaf flatness and leaf erectness (LE) were strongly and negatively correlated in E2 and E4 (r=−0.6). Complete data for all traits and experiments can be found in Supplemental Table 1. QTL identification A summary of QTL results is presented in Table 3 . QTL names include a trait abbreviation (as summarized in Table 2 ) followed by the chromosome on which the QTL is located, a period ("."), a unique numerical identifier, followed by an understroke ("_"), and the number of the experiment in which the QTL was identified. Each trait × experiment combination was evaluated independently, and QTL nomenclature reflects that fact. Many QTLs for the same trait mapped to the same location (referred to as a cluster) across experiments, but they are presented as independent bits of information in Table 3 ; the colocalization of independently measured QTLs offers support for the existence of a QTL effect in a given location. Most traits were measured in both populations, with the exception that total aerial shoot biomass (SB) was measured only in the DH population (E1 and E2), and leaf photosynthesis (A/ m2), the ratio of intercellular to ambient CO 2 concentration (C i /C a ), SCO, and lABA concentration were measured only on the RI population (E3 and E4). A description of salient QTLs associated with each trait and each experiment is outlined below and a summary of all QTLs identified in this study can be found in Supplemental Fig. 1 .
Carbon isotope discrimination (Δ 13 C) A total of 11 QTLs clustering in five chromosomal regions and explaining 8-19% of the phenotypic variation was identified for Δ 13 C. The QTLs with the largest effect on Δ 13 C from both populations were colocated on chromosome 5 (Fig. 2) . They explained between 13% and 19% of the phenotypic variation (Table 3) , and the IR64 allele was associated with lower Δ 13 C. The IR64 allele had a similar effect at two Δ 13 C QTLs clustered near the centromere on chromosome 4 in the RI population (R 2 =0.08 and 0.11) and at one on chromosome 8 in the DH population (R 2 = 0.15). In contrast, Azucena alleles were responsible for lower Δ 13 C at QTLs on the long arm of chromosome 4 in both populations.
Leaf nitrogen (%N) Seven QTLs were associated with percent nitrogen in the leaf, analyzed using the same ground leaf samples as were used for detecting Δ 13 C. There was a strong support for a QTL on chromosome 1 detected in the recombinant inbred lines (RIL) population, with % N1.1_E3 having the largest R 2 value (R 2 =0.20) of any %N QTL. Enhanced nitrogen content was associated with the IR64 allele at this locus, in contrast to the QTLs on other chromosomes where an increase in %N was associated with Azucena alleles. The QTL on chromosome 5 (%N5.1_E3, R 2 =0.18) was colocated with QTLs for Δ 13 C.
Specific leaf area Variation for specific leaf area was associated with seven QTLs that clustered into five chromosomal regions. On chromosome 5, overlapping QTLs from both populations were identified in E1, E2, and E3 (Fig. 2) . This QTL interval included QTLs for both Δ 13 C and %N, as described above. The IR64 allele was associated with greater specific leaf area (SLA) and lower Δ 13 C at this locus but associated with lower %N too. SLA.1_E4 also colocated with a QTL for Δ 13 C. Additional QTLs for SLA were identified on chromosomes 1, 9, and 12. For those on chromosomes 1 and 12, the IR64 allele increased SLA, while for the QTL on chromosome 9, the Azucena allele increased SLA. None of these QTLs were in intervals shared by QTLs for Δ 13 C or %N.
Total aerial shoot biomass SB was measured only in the DH population (E1 and E2). A major QTL was identified on chromosome 1, near the telomere of the long arm in both experiments. At both SB1.1_E1 and SB1.1_E2, the Azucena allele increased SB. Additional QTLs were identified on chromosome 11 and on chromosome 12.
Leaf width Eight QTLs were associated with leaf width, and they clustered in six locations on chromosomes 2, 4, 5, and 12 (Table 3 ). The two clusters on chromosome 4 and the cluster on chromosome 5 corresponded to QTL intervals containing Δ 13 C QTLs (Fig. 2) . At these loci, wider leaves were associated with lower Δ 13 C, regardless of which parental line contributed the wide-leaf allele.
Leaf length Nine QTLs clustering in four chromosomal locations were identified for LL with Azucena alleles contributing to increased leaf length at seven of them. None of them colocalized with QTLs for Δ 13 C or %N, but LL1.1_E3 and LL1.1_E4 colocated with a QTL region for %N. On chromosome 12, LL QTLs were located along with QTLs for SB and LW, with Azucena alleles contributing positively to all three traits.
Tiller number Five QTLs, clustered in four chromosomal locations, were associated with TN in the RI population, and one, nonoverlapping, TN QTL was identified in the DH population. In all cases except TN1.1_E2, positive alleles were provided by IR64. A pair of overlapping QTLs on chromosome 8, TN8.1_E3 (R 2 =0.17) and TN8.1_E4 (R 2 = 0.14), explains the largest proportion of phenotypic variation for TN but does not overlap with any other trait.
Leaf blade flatness The most significant QTLs for LF were identified in the same location on chromosome 5 in both populations. LF5.1_E2 (R 2 =0.28) and LF5.1_E4 (R 2 =0.22) were located in the same interval as QTLs for Δ 13 C, %N, SLA, LW, and leaf erectness. The Azucena allele was associated with increased leaf blade flatness at this locus in both populations. Other QTLs for LF were identified on chromosomes 1, 2, 3, and 11.
Leaf erectness A total of five QTLs were identified for LE on chromosomes 3, 4, 5, and 6, and only LE6.1_E2 and LE6.1_E4 presented the same QTL intervals in both populations. LE4.1_E4 was associated with an increased effect from Azucena allele and was in the same interval as a QTL for Δ 13 C, SLA, LW, A/m2, Ci/Ca, SCO, and lABA. LE5.1_E4 was also in an interval that overlapped with QTLs for Δ 13 C, SLA, and LW, but the positive effect on LE at this locus was associated with the IR64 allele.
Photosynthetic gas exchange The RI population was analyzed with leaf gas exchange techniques for photosynthetic CO 2 assimilation rate (A/m 2 ), the ratio of intercellular to ambient CO 2 concentration (C i /C a ), and SCO. In both experiments, significant QTLs for A/m 2 , A/m 2 4.1_E3 (R 2 = 0.14) and A/m 2 4.1_E4 (R 2 =0.19) were identified in the same location on chromosome 4. These QTLs mapped within a cluster of QTLs associated with Δ 13 C, SLA, LW, Fig. 2 Representation of QTL confidence intervals (peak LOD scores minus 1) on chromosomes 4, 5, and 8, with QTLs for carbon isotope discrimination (Δ 13 C) indicated by black rectangles and all others indicated by gray rectangles as follows: specific leaf area and percent nitrogen (SLA and %N), leaf width (LW), tiller number (TN), leaf curling and leaf drooping (LC and LD), photosynthesis rate and ratio of plant CO 2 concentration/air CO 2 concentration (A/m2 and Ci/Ca), stomatal conductance (SCO), and logarithm of leaf ABA concentration measured in medium vapor pressure deficit (lABA). Chromosome maps for the IR64 × Azucena doubled haploid (DH, on left) and recombinant inbred (RI, on right) populations were aligned based on common markers (indicated by connecting lines between pairs of maps).
LD, A/m 2 , C i /C a , SCO, and lABA (Fig. 2) . Azucena alleles increased A/m 2 . At the same locus, the QTL Ci/Ca4.1_E4 (R 2 = 0.08) was identified just below threshold, and SCO4.1_E4 was a QTL significant for stomatal conductance that explained 19% of the phenotypic variation, where alleles from Azucena increased SCO. Other small QTLs for C i /C a were identified on chromosome 1 and on chromosome 2. Two of the alleles associated with high C i / C a came from Azucena, while for the QTL on chromosome 2 the allele associated with high C i /C a came from IR64.
Abscisic acid
In a first attempt to analyze hormonal influence on Δ 13 C, leaf ABA concentration was measured a few days after collecting the physiological measurements in E4. The sampling was done on plants submitted to a moderate vapor pressure deficit (approximately 18 mbar at a leaf temperature of 30°C). Although the coefficient of variation of the trial was quite high, the genotype effect was highly significant. A significant QTL, lABA4.1_E4 (R 2 = 0.07), was identified on chromosome 4, in a region that contained a cluster of other previously described QTLs (Fig. 2) . At this locus, IR64 alleles increased ABA concentrations. An additional QTL, lABA12.1_E3 (R 2 = 0.13) was detected on chromosome 12, with Azucena alleles contributing to an increase in leaf ABA.
Discussion
Genetic inheritance of carbon isotope discrimination in rice and other species
Results of this study confirm that the genetic variation associated with carbon isotope discrimination in rice is inherited polygenically (Dingkuhn et al. 1991) . The QTL with the largest effect on Δ 13 C explained more than 19% of the phenotypic variation. Although one study in Arabidopsis found a major QTL encoding the transcription factor, ERECTA, which explained up to 64% of the phenotypic variation in a Landsberg × Columbia RI population (Masle et al. 2005) , studies evaluating genetic variation for carbon isotope discrimination in other plant species have identified multiple QTLs of smaller effect associated with the trait. For example, in another population of Arabidopsis, two to five QTLs were identified Juenger et al. 2005) . In rice, one to three QTLs for Δ 13 C were identified by Laza et al. (2006) and Takai et al. (2006) , three to five by Price et al. (2002) , and four by Xu et al. (2009) . Up to seven QTLs were identified in Stylosanthes scabra (Thumma et al. 2001) , two to five in barley (Diab et al. 2004; Ellis et al. 2002; Teulat et al. 2002) , and four to five in Brassica oleracea (Hall et al. 2005) . In these studies, individual QTLs explained ≤30% of the phenotypic variation for Δ 13 C, consistent with results from the present study. For three of the four genetic regions identified as controlling Δ 13 C, QTLs were identified in both mapping populations. In the near-centromeric region for chromosome 4, however, QTLs were identified only for the RIL population. The failure to detect these QTLs in the DH population may be a result of a sampling bias related to the small size of this population or a lack of recombination in the corresponding region in the DH population, which could annul the QTL effect, possibly due to a cis-trans effect.
Effect of parental alleles associated with QTLs for Δ 13 C in rice Although the parents in this study did not show significant differences for Δ 13 C, transgressive variation in the segregating population provided sufficient range in Δ
13
C such that significant marker-trait associations were identified in both populations. Each of the parents contributed both positive and negative alleles to the trait, thereby providing an explanation for the underlying genetic basis of the transgressive variation observed among the segregants. Transgressive variation has been explained similarly in several other quantitatively inherited traits (deVicente and Tanksley 1993; Li et al. 2004; Reiseberg et al. 2003) . Of the QTLs for Δ 13 C, the favorable effect (decreased Δ 13 C and increased WUE) was associated with the IR64 parent for the QTLs on the short arm of chromosome 4 and on the long arm of chromosome 5, whereas the favorable effect was associated with the Azucena parent for the QTL on the long arm of chromosome 4.
QTLs for Δ 13 C on chromosomes 4 and 8 have been repeatable across multiple studies of rice involving different mapping populations and growing conditions. Price et al. (2002) used a recombinant inbred population derived from a cross between Bala (indica) and Azucena (tropical japonica), while Laza et al. (2006) used an RIL population from a cross of New Plant Type (tropical japonica) and IR72 (lowland indica) growing in irrigated lowland field sites. Both Price et al. (2002) and Laza et al. (2006) identified a QTL for grain Δ 13 C on the long arm of chromosome 4 in the same large area as QTLs Δ13C4.2_E3 and Δ13C4.2_E4 in the current study. The japonica alleles increased the trait value in both studies. Also, the QTL we identified on chromosome 8 (Δ13C8.1_E1 and E4) colocalizes with a Δ 13 C QTL in the study from Laza et al. (2006) , but the indica parent in that study (IR72) had the opposite effect compared to IR64, the indica used in our study. Xu et al. (2009) identified a QTL for Δ 13 C in the same chromosomal region as Δ 13 C4.1_E3 and Δ 13 C4.1_E4, where the japonica (Nipponbare) allele increased Δ 13 C values compared to Kasalath, consistent with the effect of Azucena in the present study.
Relationship between Δ 13 C and leaf traits
In this study, several aspects of plant morphology were associated with Δ 13 C, including leaf width, leaf length, specific leaf area, and leaf erectness. Leaf width had a particularly strong association with Δ 13 C as three QTL clusters associated with leaf width colocalized with QTLs for Δ 13 C. Consistent with this, a few of the phenotypic correlations were significant, and they showed that increased leaf width was correlated with lower Δ 13 C. A plausible explanation for the association would be that wider leaves have greater leaf-boundary-layer resistance to gaseous diffusion, which would have the tendency to lower the C i /C a ratio and decrease Δ 13 C. Lhomme et al. (1992) suggested that, whereas boundary layer resistance is affected weakly by leaf width, wind velocity and leaf area index have a strong effect. Alternatively, other factors associated with leaf morphogenesis may be pleiotropic with leaf width, such as stomatal density or leaf thickness, and these may form the basis for the connection between leaf width and Δ 13 C. In this study, QTLs for specific leaf area were also colocated with the QTL clusters on the short arm of chromosome 4 (containing Δ13C4.1 for E3 and E4) and chromosome 5 (containing Δ13C5.1 for E2, E3, and E4). In a study by Price et al. (2002) , a QTL for SLA was identified under drought conditions in the Philippines that mapped to the region on chromosome 5 containing Δ 13 C QTLs in the present study. Laza et al. (2006) identified a QTL for SLA and %N on chromosome 5 in the same region, though they did not identify a QTL for Δ 13 C in that location. Although previous studies have identified a variety of associations between Δ 13 C and various leaf morphological traits, the current study is the first to identify leaf width as a strongly associated trait.
Relationship between Δ 13 C and phenology Plant phenology can be a confounding effect when evaluating plant response to drought, as developmental stage can affect greatly plant metabolism and hormonal regulation. To minimize the influence of plant development on our evaluation of Δ 13 C, this study was conducted at the vegetative stage, well before the plants entered the reproductive stage. Thus, no data on flowering time were recorded in our experiments. Nonetheless, QTLs controlling days to flowering have been identified in other mapping populations in the near-centromeric region of chromosome 4 and on chromosome 8 around C1121 (http:// www.gramene.org/). The significance of these flowering time QTLs in terms of their impact on the traits measured in this study or on the evolution of the regions of the rice genome containing QTLs associated with Δ 13 C is not known at this time.
Relationship between Δ 13 C and plant photosynthesis
In this study, Δ 13 C was used as a proxy for WUE based on the expected dependency of both parameters on C i /C a (Farquhar et al. 1989; Farquhar and Richards 1984) . The value of Δ 13 C lies in its robust integration of gas exchange behavior through time and its high heritability (Condon et al. 2004 ). This conclusion is supported in the current study by the high heritability of Δ 13 C measurements (0.77 to 0.85) and correlation across experiments (r=0.62 and 0.63 for E1 vs E2 and E3 vs E4, respectively) compared to lower values for C i /C a determined from gas exchange measurements (r=0.38). Also, the proportion of the variance explained by a QTL, as indicated by R 2 values, was higher for Δ 13 C (R 2 =0.08-0.19) than for C i /C a (R 2 =0.07-0.08). The demonstration that a given Δ 13 C QTL is actually identifying a WUE QTL requires supporting evidence from other techniques such as co-occurrence of significant Δ 13 C and C i /C a peaks in the QTL analysis. On the short arm of chromosome 4, there were significant QTL peaks for stomatal conductance and photosynthetic capacity, C i /C a and Δ 13 C (Table 3) , and we conclude that this is a true WUE QTL. However, gas exchange measurements were not significant at the other Δ 13 C QTLs identified in this study. This discrepancy may be due to the less reliable nature of the gas exchange measures or other genetic variation (like respiratory losses) acting on Δ 13 C independently of C i /C a .
Phenotypic correlations indicated that variation in C i /C a in these studies was primarily due to large variations in stomatal conductance rather than biochemical activities of the photosynthetic system. There was a strong positive correlation between A and SCO, but the proportional range of variation in SCO was much greater than in A (Table 2) , and this effect dominated patterns of C i /C a . Similar relationships were seen in our companion study on rice mapping populations derived from Kasalath × Nipponbare (Xu et al. 2009 ).
In the work on Arabidopsis by Masle et al. (2005) , the ERECTA gene underlying a Δ 13 C QTL was associated with both stomatal limitations on photosynthesis and leaf photosynthetic capacity at saturating CO 2 . In Arabidopsis, when two NILs were compared to the Landsberg erecta wild type, a significant difference in stomatal conductance (and transpiration efficiency) was associated with Δ 13 C QTLs . These authors suggested that the QTL alleles affected Δ 13 C through changes in stomatal control of CO 2 diffusion to the leaf interior. Our results support this hypothesis with respect to the chromosome 4 QTL cluster. Using chromosome segment substitution lines, Takai et al. (2009) also showed that a QTL region on chromosome 3 was associated with increased Δ 13 C and enhanced SCO.
The observed variation in photosynthetic capacity could be related to positive correlations sometimes seen between A and %N. Leaf %N was positively correlated with Δ 13 C in all experiments, and %N 5.1_E3 colocalized on chromosome 5 with QTLs for Δ 13 C. Takai et al. (2006) similarly observed a colocalization between Δ 13 C and leaf %N on chromosome 1. This suggests an underlying mechanism by which plants regulate their tradeoff between WUE and nitrogen use efficiency; stomatal conductance is adjusted to supply the photosynthetic system with sufficient CO 2 to match its capacity, as affected by leaf N status, while water loss is kept within limits ). The Δ 13 C QTL on the short arm of chromosome 4 that does not follow this rule could be based on a stomatal effect rather than an effect on photosynthetic biochemistry.
ABA is known to regulate stomatal aperture and gas exchange, particularly in water deficit conditions (Wilkinson and Davies 2002 ). In the current study, a significant QTL for ABA on chromosome 4 (lABA4.1_E4) colocalized with QTLs for Δ 13 C, SCO, and C i /C a . Given that the current study kept soil well supplied with water and atmospheric humidity was relatively mild, transpiration-related stress would have been relatively limited under our growth and measurement conditions. However, although the range was small, there was some variation in leaf water status in experiment E4, as measured by relative water content, suggestive of genetic differences in baseline concentrations of ABA in minimally stressed plants or sensitivities to factors that regulate ABA homeostasis. In rice and numerous other species, evidence from mutants that are defective in ABA synthesis or components of ABA signaling indicates that ABA plays a role in stomatal regulation even in environments that are not stressful for wild types (Agrawal et al. 2001; Taylor et al. 2005) . ABA levels were negatively correlated with stomatal conductance, C i /C a , and Δ 13 C in the overall RIL mapping population, consistent with the expected effect of ABA in closing stomata and a functional link between these traits.
An additional factor that can affect the approach to zero turgor, which initiates ABA synthesis, is the osmotic solute concentration in a tissue (Xiong and Zhu 2003) . A higher solute concentration will allow cells at similar RWC to decline to a lower water potential, such as during high midday transpiration, before turgor is lost. A previous study of rice found a QTL for osmotic adjustment on the short arm of chromosome 4 that colocalizes with the current QTL for Δ 13 C (Robin et al. 2003) . Hence, it is plausible that the clustering of QTL on the short arm of chromosome 4 could be mechanistically linked through the several factors examined here that affect solute and turgor water status: ABA, stomatal conductance, C i /C a , and Δ 13 C. It is also possible that the QTLs for Δ 13 C identified on chromosomes 8 and 5 and for ABA on chromosome 12 are linked to osmotic solute status. At a position corresponding to the QTL for Δ 13 C found on chromosome 8, several groups working on rice have found a QTL for osmotic adjustment (Kamoshita et al. 2002; Robin et al. 2003; Zhuang et al. 2002) . At the orthologous position corresponding to the QTL for Δ 13 C on rice chromosome 5, barley has a QTL for osmotic solute potential and watersoluble carbohydrates (associated with RFLP marker CDO202) on chromosome 1H (Diab et al. 2004) . The position of the ABA QTL (lABA12.1_E3) on rice chromosome 12 is orthologous to a region of barley chromosome 2H where two QTLs for Δ 13 C and a QTL for osmotic adjustment were identified (Teulat et al. 2002) and to the homologous wheat chromosomes 2A and 2B where a QTL for osmotic solute potential was found (Diab et al. 2004 ). In our case, no QTL for Δ 13 C colocalized with the QTL for ABA concentration on rice chromosome 12 (lABA12.1_E3), but the ABA QTL in our study appears to be in a homologous position with a QTL for Δ 13 C found by Laza et al. (2006) in irrigated lowland rice.
Further study will be required to determine the extent to which osmotic adjustment or hydraulic conductance is involved in genetic effects on this process and their link with Δ 13 C.
Perspectives for marker-assisted selection in rice breeding for an improved water use efficiency
Our results highlight the near-centromeric region of chromosome 4 as an interesting region for marker-assisted selection because of the colocalization of several QTLs that form a rational link between leaf water status (turgor) and stomatal regulation by ABA of water loss and C i /C a . At this locus, improved water use efficiency would come from the indica variety IR64. However, the long arm of the same chromosome contains QTL acting in opposite directions; therefore, recombination between the two chromosomal regions would be required as a first target for markerassisted selection. The colocalization of QTLs for Δ 13 C along with diverse shoot traits is noteworthy, and it is consistent with observations by plant breeders who note that early seedling vigor (involving both shoot and root growth) is critical to improving the water use efficiency and overall agronomic performance of cereals (Condon et al. 2004) . Interestingly, leaf width is often used as an indirect selection tool for embryo size, a trait that is consistently associated with seedling vigor and water use efficiency in the cereals (Condon et al. 2004 ). In our study, leaf width was genetically correlated with all three of the Δ 13 C QTL clusters on chromosomes 4 and 5, as QTLs for these traits colocalized at all three sites. Phenotypic correlations indicated that low Δ 13 C is associated with wider leaves. The colocalization of QTLs for Δ 13 C, leaf width, and specific leaf area suggests that the factors controlling Δ 13 C are genetically and possibly physiologically linked to those governing overall plant growth and development. If this is true, selection for increased water use efficiency in rice is likely to be associated with visible phenotypic and morphological features. Condon et al. (2004) reported the release of a new wheat variety with high yield performance in water-limited environments after a breeding process in which selection for low Δ 13 C in unstressed plants led to high WUE. Moreover, Rebetzke et al. (2008) suggested that for wheat, after removal of height and developmental effects, variation in carbon isotope discrimination was associated with a very small genetic effect on harvest and grain yield. Given the cost of Δ 13 C analysis, there is interest in identifying less expensive, well-correlated traits that could act as surrogate traits for selection. The current study indicates that, in rice, selection for leaf width may be worth considering for use in initial screens to enhance WUE. This merits further investigation in additional populations. Screening for global seedling vigor may prove to be also a good approach for enhancing water use efficiency.
An understanding of the genes and the molecular mechanisms that condition this complex phenotype in rice will provide new possibilities for applications in plant breeding and will also offer fundamental insights into one of the basic physiological processes that governs plants' ability to regulate access to CO 2 while avoiding excess water loss.
Materials and methods
Mapping populations
Two rice (Oryza sativa L.) populations were used in this project: both represent segregating populations derived from a cross between cv. Azucena (tropical japonica) and cv. IR64 (indica). One was a DH population consisting of 91 DH lines, and the other was a RI population consisting of 165 RI lines generated by single seed descent.
Genotyping and map construction
A genetic map for the DH population used in this study was initially published by (Huang et al. 1994) , and SSR markers were added to increase the resolution of this framework map (Temnykh et al. 2000) . For this study, we obtained segregation data from 395 framework markers published by Temnykh et al. (2000) and used them to recalculate genetic distances using MapManager QXTb20 software (Manly et al. 2001) . These markers were used to construct a genetic map consisting of 1,836 cM (Kosambi function) for the DH population. For the RI population, segregation data for 180 SSRs were generated in Agropolis, Montpellier, as part of a global comparative mapping project on the IR64 × Azucena cross (Ahmadi et al. 2005) , and 40 additional SSR markers were mapped onto this population at Cornell University over the course of this project to provide correspondences with the DH population map. Common genetic loci were used to define syntenic regions between the two maps at a macroscopic scale.
Experimental design
Four experiments (named E1, E2, E3, and E4) were conducted in the greenhouses at the Boyce Thompson Institute (Ithaca, USA) between January and December 2003, under well-watered conditions. Experiments 1 and 2 were conducted with the DH population and experiments 3 and 4 with the RI population. Each experiment was a randomized complete block design with two replications. The experimental unit consisted of one plant per replication. The number of plants per parental control was two in E1 and E2, 15 in E3, and 40 in E4. Phenotypic data were collected 25 days after sowing plants in 2-l pots for E1, E2, and E3 and 40 days after sowing for E4.
Environmental variation associated with phenotypic evaluation Table 1 summarizes the experimental conditions for all four experiments. Greenhouse bays were individually monitored to document consistency of light, RH, [CO 2 ], and air temperature. The first two experiments (E1 and E2), in which we evaluated the DH population, experienced a relatively high light intensity (mean of the experiment between 1,168 and 1,147 μmol/m 2 per second), while the last two experiments (E3 and E4) evaluating the RI population experienced a medium light intensity (mean of the experiment between 687 and 743 μmol/m 2 per second). Variation in high-intensity discharge (HID) lamp output was measured at each plant position, and these values, when collected, were entered into preliminary statistical analyses as a covariate, and adjusted data were calculated prior to analyses of variances and mean computations. These effects were always small but consistently significant for Δ 13 C in particular. Air temperature was lower in E1 compared to the other experiments. Based on experimental CO 2 concentrations in the greenhouses measured for all experiments, δ 13 C of the air ranged between −7.81‰ (E4) and −9.17‰ (E1).
Morphological measurements LL and LW and the TN initiated were measured just prior to sampling for isotope analysis. The length of the largest leaf on each plant was measured from soil surface to tip and thus includes both blade and sheath portions. Width was taken at the widest point (middle) of the same leaves. Tillers were counted if over 2 cm long.
The cross-sectional leaf shape differed among lines, with some having flat planar leaf surfaces and others having a distinct upward fold at the midrib, producing a concave, triangular-channeled shape at the abaxial surface. LF was evaluated on a scale of 1 (flattest) to 3 (most channeled) in the DH population in E2 and from 1 to 5 in the RI population in E4.
Leaf shape was also evaluated in terms of leaf stiffness and posture. LE was evaluated based on whether the tip was held fully erect, bent to horizontal, or pointing downward, using a scale of 1 (most erect) to 3 (most recurved) in E2 and 1 to 5 in E4.
Shoot biomass
Residual above-ground biomass was harvested immediately following isotope sampling in E1 and E2. This biomass was dried in a forced convection oven at 60°C for 96 h and then weighed. SB was the sum of residual shoot, isotope sample, and RWC sample weights. Leaves for isotopic analyses were chosen from the youngest cohort of leaves that had completed the phase of rapid expansion. These represented the largest leaves on the young vegetative plants and occupied upper canopy positions experiencing maximal illumination. Two full leaf blades from each of two or more tillers per 3-4-week-old rice plant were sampled. After drying, 48 h at 60°C, leaf samples were ground into a homogeneous powder, and 2-mg subsamples were weighed for isotopic analysis. In addition to δ 13 C, COIL analyses provided elemental composition in % N, with measurement precisions of ±0.1% and ±0.1%, respectively.
Isotopic analysis
Relative water content RWC was measured on leaf sections from the same leaves used for isotopic analysis (experiment E4 only) according to Turner (1981) . A 6-cm segment was excised from the middle of the leaf blade, and its fresh weight was immediately taken. Segments were floated 24 h on pure water in a Petri dish and reweighed after gently blotting away surface moisture (TW). A third weight was taken after drying in a forced convection oven at 60°C for 48 h. RWC was calculated as:
Specific leaf area SLA was defined as projected leaf area per gram dry weight. The same samples used for isotopic analysis were passed through a LICOR 3200 leaf area meter at the time of harvest. They were weighed after 48 h in a forced convection oven at 60°C prior to grinding for isotopic analysis.
Gas exchange
Leaf photosynthetic gas exchange was measured on the entire QTL mapping populations in E3 (one replication per line) and E4 using a LICOR 6400 portable photosynthesis system. Leaf gas exchange was measured on plants in the greenhouse at a station that provided extra HID lighting. Plants were situated under a heat shield provided by circulating water in a suspended 1×2×0.1 m Plexiglas tray to ensure that all plants were uniformly exposed to high light intensities similar to bright midday conditions in their normal growth positions (approximately 1,000 μmol (PAR) m −2 s −1 ) regardless of time of day or transient weather conditions, while still experiencing typical temperatures and humidities for the growth environment. This allowed rapid measurement of light-saturated rates of photosynthesis on target leaves while maintaining normal whole-plant activity. Each measurement included an 8-min adjustment period to the cuvette conditions.
Leaf ABA measurement
In experiments E3 and E4, leaf disks (2.5 cm 2 ) were cut from leaves and put into ice-cold 80% methanol (v/v) and stored at −20°C. ABA was exodiffused at 24°C; extracts were transferred to new tubes and dried in vacuo. Extracts were fractionated by C18 reverse-phase solid phase extraction. Dried extracts were reconstituted in 100 μl of 30% (v/v) acidified methanol solution (30% methanol, 69% distilled water, 1% glacial acetic acid), and 8 μg Bromocresol green was added as a chromatograph tracer. Extracts were loaded onto C18 columns (model: DSC-18, 25 mg packing material, Supelco, Bellefonte, PA, USA), and solvents were drawn through the columns under vacuum to provide flow rates of about 50 μl/min or less. Hydrophilic substances were removed by elution of the loaded 30% methanol and washing with an additional 320 μl of 30% methanol. ABA was eluted with 200 μl of 65% methanol. ABA fractions were alkalinized with NH 4 OH, and absorbance of Bromocresol green was read at 590 nm. Absorbance data indicated that less than 10% of the tracer was lost by channeling at the 30% methanol steps; data were corrected for these losses. ABA fractions were dried in vacuo and stored at −20°C. Samples were redissolved in 100-μl distilled water, and 10-μl aliquots were analyzed by enzyme-linked immunosorbent assay for ABA as previously described (Melkonian et al. 2004 ).
Statistical analysis
Analyses of variance were performed to check the existence of genetic variation among the lines independently for the four experiments on all the measured traits. The measurements with no significant genotypic effect were not included in further analyses. For all the other traits, adjusted means were computed. The broad sense heritabilities were then computed from the estimates of genetic (σ 2 G) and residual (σ 2 e) variances derived from the expected mean squares of the analyses of variances as h 2 ¼ s 2 G=
Þwhere k was the number of replications. The phenotypic correlations between years and traits were computed using the genotype means from the individual trials. For the two pairs of trials (E1 and E2; E3 and E4), analyses of variance were performed to assess the extent of the genotype × trial interactions. All analyses were conducted with SAS v. 9.1.
QTL analysis
QTLs were identified with Windows QTL cartographer V.2 (Wang et al. 2006 ) by composite interval mapping (CIM) using the standard model, with a backward and forward regression to generate background markers. The "in" and "out" probability was 0.01. Empirical likelihood ratios were generated by running 1,000 permutations for each trait individually, giving LOD threshold values ranging between 3.03 and 3.45. In addition, single marker and interval analysis were conducted, and some QTLs that failed to reach the empirical LOD threshold by CIM but that showed a highly significant effect on the trait by ANOVA are indicated as potential QTL. Left and right borders indicate confidence intervals at LOD max minus 1. Positive additive values indicate an increased effect from Azucena.
